The establishment of pregnancy requires bidirectional communication between the developing conceptus and the uterine endometrium. The aim of this study was to establish an in vitro coculture system with bovine trophoblast cells and uterine epithelial cells (EECs) that mimics the in vivo attachment process. We previously reported that expression of interferon tau (IFNT), a major secretory product from the trophectoderm, decreases with changes in chromatin structure when the conceptus successfully attaches to the uterine epithelium. Thus, IFNT is a good marker to assess whether attachment has successfully occurred. In this study, bovine trophoblast CT-1 cells were cultured to generate spheroids, which were then placed on type I collagen-coated plates (monoculture) or bovine EECs (coculture) with or without uterine flushings collected from Day 15 cyclic or Days 15, 17, or 19 pregnant animals. In the coculture but not the monoculture, addition of uterine flushings from Day 15 or 17 pregnant animals resulted in decreased IFNT and CDX2 mRNA expression in CT-1 spheroids, accompanied with changes in histone modifications. In monocultured CT-1 spheroids, integrin subunit ITGA8 and ITGB3 mRNAs were minimally expressed but were induced in cocultured CT-1 spheroids with or without uterine flushings. Expression of CDH2, another marker for bovine conceptus attachment to the uterine epithelium, was also induced in the cocultured CT-1 spheroids. These results suggest that this in vitro coculture system could be used to isolate processes essential for conceptus attachment to uterine EECs. implantation, pregnancy, trophoblast, uterus 
INTRODUCTION
Approximately half of embryonic losses that occur between Days 8 and 17 of pregnancy in cattle are thought to result from insufficient communication between the conceptus and the maternal environment [1] . Over the past decades, various conceptus implantation models have been developed using endometrial epithelial cells (EECs) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , stromal and decidual cells [13] [14] [15] [16] , or extracellular matrices (ECMs) [17] [18] [19] . A few studies demonstrated human or rodent blastocyst invasion into the epithelial and/or stromal cell layers [20] [21] [22] , but most of these models could support only blastocyst attachment and outgrowth on the maternal components. Knowledge gained from human and rodent studies does not necessarily apply directly to ruminants; however, results from these studies at least provide clues as to which molecules are involved in ruminant implantation. Just as with humans and rodents, the ruminant implantation processes are highly coordinated, involving orientation, apposition, attachment, and adhesion of the conceptus trophectoderm to EECs. In ruminants, however, implantation is noninvasive, and trophoblast cell migration into maternal tissues is limited. Studies of conceptus attachment processes in ruminants in vivo are difficult partly because of a lack of knowledge of the relevant factors, cell types, and tissues at this stage, which is compounded by the large cost of sampling. For these reasons, the development of coculture systems with blastocysts or trophoblast cell lines and endometrial cells in vitro could become valuable tools with which to investigate the factors that regulate ruminant attachment processes.
In the bovine species, the blastocyst hatches on Day 9 and undergoes a rapid elongation prior to attachment to EECs. Trophoblast elongation from spherical to ovoid shape is initiated on Day 12, and transition from the ovoid to filamentous form is completed after several days [23] . Elongation of trophoblast starts on Day 14, and the extraembryonic membrane extends throughout the entire uterine horns by Day 24 [24] . Numerous studies have shown that the process of conceptus elongation and subsequent attachment requires the participation of uterine histotrophcontaining growth factors, cytokines, chemokines, cell adhesion molecules (CAMs), ECMs, and some nutrients [25] . These substances enable multifaceted cellular signaling pathways regulated in a spatiotemporal manner both in the conceptus and in the uterus (refer to the following reviews [25] [26] [27] ). During the periattachment period, the mononuclear trophectoderm cells of ruminant conceptuses secrete a cytokine, interferon tau (IFNT) [28, 29] , which inhibits the endometrial production of luteolytic pulses of prostaglandin F2a, resulting in the maintenance of corpus luteum function [30] [31] [32] . IFNT is detected from Days 7 through 8 of pregnancy, increases on Day 14, peaks on , and declines soon after the conceptus attaches to the uterine epithelium [33, 34] . Recently, it was demonstrated that IFNT transcription in utero is epigenetically regulated, resulting from changes in CDX2 expression and its recruitment of CREBBP [35, 36] . On the other hand, when in vitro-derived bovine blastocysts are cultured continuously, IFNT production remains strong even after the time its expression in vivo would have been attenuated [37] . These findings indicate that the attachment of trophectoderm to the uterine epithelium results in a decrease in IFNT expression and suggest that the trophectoderm attachment could trigger changes in gene expression, which is accompanied by histone modifications. Importantly, decreased IFNT mRNA expression may serve as an indicator of trophectoderm attachment.
Trophoblast attachment and adhesion to the uterine epithelium are considered to result from cell-to-cell interactions based on the proper expression of CAMs, which includes four members known as integrins, cadherins, selectins, and immunoglobulins [25] [26] [27] . It is well documented that integrin-mediated signaling between the conceptus and endometrium is critical for successful implantation [38, 39] . The extracellular domain enables integrins to act as a receptor for ECM components such as fibronectin, osteopontin (SPP1), laminin, collagen type IV, and complements [40] . In addition to ECMs, constituents of uterine histotroph, LGALS15 [41] and IGFBP1 [42] , have been characterized to activate integrins through their RGD domain during the trophectoderm attachment period in sheep and cattle. In the bovine species, the expression of integrins has been characterized at the uteroplacental interface during the periods of trophectoderm attachment [43, 44] and placentation [45, 46] . Integrins characterized in the early stage of bovine trophoblast development are five a subunits (ITGA2B, ITGA3, ITGA5, ITGA8, and ITGAV) and two b subunits (ITGB1 and ITGB3) [47] . In our previous investigation [48] , integrin subunits a (ITGAV and ITGA5) and b (ITGB1, ITGB3, and ITGB5) were constitutively expressed in bovine periattachment trophoblast cells, whereas the expression of ITGA4 and ITGA8 subunits was induced after attachment of trophectoderm cells to uterine EECs. We also found that E-cadherin (CDH1) is down-regulated while Ncadherin (CDH2) is up-regulated in Day 22 bovine conceptuses. Therefore, detecting up-or down-regulation of these substances could indicate progress of conceptus attachment to EECs.
The primary aim of the present study was to develop an in vitro coculture system with bovine trophoblast cells and EECs with which attachment processes could be identified. Therefore, changes in CDX2 and IFNT expression and histone modifications at IFNT gene loci were evaluated as markers for successful attachment. We then assessed whether the induction of SPP1-binding integrin subunits and CDH2 in bovine trophoblast CT-1 cells occurred in a manner similar to what has been observed to occur in utero.
MATERIALS AND METHODS

Animal Experimentation, Cell Isolation, and Uterine Flushings Preparation
Whiteface crossbred ewes were maintained at the farm of the University of Tennessee (Knoxville, TN), and the protocol for sheep experimentation had previously been reviewed and approved by the animal care committee at the University of Tennessee. Animal care, estrous synchronization procedures, and tissue collections were done as previously described [35] . Hysterectomy was performed on designated days. After hysterectomy, uteri from Days 15, 17, or 19 pregnant animals (P15, P17, or P19, respectively; n ¼ 3 each day) were flushed with 20 ml sterile PBS (pH 7.2), and conceptuses were removed from the medium. In addition to flushings from pregnant animals, the uterine flushings from Day 15 cyclic animals (n ¼ 3) were collected. Recovered PBS (18-19 ml) was centrifuged at 4000 3 g for 5 min to remove cell debris, supernatants were filtered through 0.22-lm membrane, and then samples were stored at À808C until use. After thawing, the samples (2 ml from 18 ml uterine flushings) were concentrated and desalinated through the use of Microcon filter device (Ultracel YM-3, Millipore, Billerica, MA). Protein concentrations were determined with the Bradford reagent (BioRad Laboratories, Hercules, CA) and the concentrations adjusted to 1 lg/ll with distilled water.
Uteri of Holstein cows at early estrous cycle (Days 2-5) were obtained from a local abattoir within 30 min of exsanguination. The epithelial cells from the bovine endometrium were separated as described previously [49, 50] with slight modification (detailed methods are presented in Supplemental methods; all Supplemental Data are available online at www.biolreprod.org). The epithelial cells were seeded at a density of 1 3 10 5 viable cells/ml in culture flasks (BD Biosciences, Tokyo, Japan) and cultured at 388C in a humidified atmosphere of 5% CO 2 in air. Since the epithelial cells attached 24-48 h after plating, the medium in the epithelial cell culture was replaced 48 h after seeding and was changed every 2 days until the cells reached confluence. Cells were treated with 0.02% porcine trypsin (Sigma-Aldrich, Tokyo, Japan) solution to remove stromal cells, and epithelial cells were then dissociated with 0.02% bovine trypsin (Sigma-Aldrich) solution. The cells, adjusted to a density of 1 3 10 5 cells/ml, were placed in fresh DMEM/F-12 supplemented with 10% calf serum (Invitrogen, Carlsbad, CA), 20 lg/ml gentamicin, and 2 lg/ml amphotericin B until the cells reached confluence. The homogeneity of epithelial cells was evaluated using immunofluorescent staining for specific markers of epithelial (cytokeratin) and stromal cells (vimentin) as described previously [50] , as cytokeratin-positive epithelial cells frequently acquire vimentin expression during culture due to changes in the character of EECs following several passages [51] . Therefore, EECs within three passages were used. Characteristics of isolated EECs are shown in Supplemental Figure S1 , and some transcript expressions in these cells, including steroid hormone receptors, were characterized through the use of RT-PCR with primers listed in Supplemental Table S1 .
Culture Conditions
Bovine trophoblast CT-1 cells, a generous gift from Dr. Alan Ealy, University of Florida, were derived from 10-to 11-day in vitro-produced blastocysts and propagated as described previously [52] . In this study, CT-1 cells were cultured on plastic plates coated with Matrigel at 378C in air with 5% CO 2 in DMEM containing 10% (v/v) fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS) supplemented with 4.5 g/L D-glucose (Invitrogen), nonessential amino acids (Invitrogen), 2 mM glutamine (Invitrogen), 2 mM sodium pyruvate (Invitrogen), 55 lM b-mercaptoethanol (Invitrogen), and antibiotic/antimycotic solution (Invitrogen).
Culture conditions employed in this study are shown in Figure 1 . To generate spheroids of CT-1 cells, cells were cultured in low-attachment culture dish (Corning, Tokyo, Japan) prior to mono-or coculture at 378C in air with 5% CO 2 (Supplemental Fig. S2 ). In brief, CT-1 cells cultured on six-well culture plates were removed from Matrigel-coated plate by pipetting and then passing them through a small-bore needle to generate small clumps of cells. The clumps of CT-1 cells were placed onto a low-attachment culture dish for approximately 48 h. Cells were serum starved for 24 h prior to and during experimentation by incubation in serum-free DMEM containing all other supplements listed above and 10 lg/ml insulin, 5.5 lg/ml transferrin, and 6.7 ng/ml sodium selenite (ITS serum substitute; Invitrogen). In monocultures, the CT-1 cells placed onto collagen type I-coated six-well plates were incubated with 10 lg proteins from ovine uterine flushing (C15, P15, P17, or P19) added in serum-free DMEM for the indicated period. In cocultures, EECs were initially cultured on six-well collagen type I-coated plates to reach more than 90% confluence in DMEM containing FBS, followed by maintenance in serum-free DMEM for 24 h prior to coculture. Thereafter, CT-1 cells (approximately 200 spheroids per well) and 10 lg protein from uterine flushings (C15, P15, P17, or P19) were cultured onto a confluent layer of the EECs for the indicated incubation periods. Following CT-1 spheroids' attachment to EECs, the spheroids experienced outgrowth, resulting in the formation of a sheet-like structure on top of the EECs. On extending the duration of the culture beyond 96 h, most EECs detached from the bottom and floated to the surface together with CT-1 cells. Appropriate protein concentrations of uterine flushings used in this study were determined through preliminary examinations. Timing and the degree of force to remove CT-1 cells from the uterine cells were also determined from preliminary experiments, resulting in the collection of CT-1 cells with minimal contamination of uterine cells. In brief, after incubation, cells were washed SAKURAI ET AL.
twice with PBS and incubated in PBS for 5 min, and then CT-1 cells were separated from substratum of collagen type I-coated dishes (monocultured) or adhering EECs (cocultured) with gentle pipetting of PBS. To collect cocultured CT-1 cells without contamination of uterine cells, the cells in PBS were passed through a 70-lm cell strainer (BD Biosciences), and the cells that remained on the membrane were purified further with the Percoll gradient method. Percoll was diluted with DMEM to obtain dilutions of 12.5%, 25%, and 50%. The gradient column was prepared in a 15-ml Falcon tube by gently depositing a 1-ml layer of each solution, starting from the 50% dilution at the bottom. One milliliter of the CT-1 cell suspension in PBS was deposited at the top layer and centrifuged at 800 3 g for 25 min. CT-1 cells were located in the Percoll layers of 12.5% and 25%, from which CT-1 cells were collected. Trypan blue exclusion tests confirmed cell viability over 95%. Mono-or cocultured CT-1 cells were then subjected to either RNA isolation or histone modification analysis through the use of chromatin immunoprecipitation (ChIP) assay.
For fluorescent labeling of cells, CT-1 spheroids were treated with Vybrant DiI Cell-Labeling Solution (Invitrogen) for 20 min at 378C under 5% CO 2 . C) The number of attached or adhered CT-1 spheroids. Fifty CT-1 spheroids were each subjected to the monoculture (upper graph) or the coculture (lower graph) for 12, 24, or 48 h in the presence or absence of UF obtained from Day 17 pregnant ewes (P17). Cells were then washed with fresh culture media to remove unattached CT-1 spheroids. Spheroids stained with red dye were counted via microscopy. Triplicate samples were examined for each treatment, and three independent experiments were performed. Values represent means 6 SEM.
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remove unattached or loosely attached cells. Phase contrast images of the entire well were captured using an Olympus IX71 microscope (Olympus, Tokyo, Japan), and the number of CT-1 spheroids attached or colonized was counted. The numbers were expressed as means 6 SEM from three individual experiments.
RNA Extraction and RNA Analysis
Total RNA was isolated from CT-1 cells with ISOGEN (Nippon Gene, Tokyo, Japan) according to the protocol provided by the manufacturer. For PCR analyses, isolated RNA (total 1 lg) was reverse transcribed to cDNA using ReverTra Ace qPCR RT Kit (Toyobo, Tokyo, Japan) including 13 RT buffer, Enzyme Mix, and primer Mix in a 10 ll reaction volume, and the resulting cDNA (RT template) was stored at 48C until use. The cDNA reaction mixture was diluted 1:10 using DNase-and RNase-free molecular biologygrade water, and 2 ll were taken for each amplification reaction. PCR was carried out with 0.5 units of ExTaq HS polymerase (Takara Biomedicals, Tokyo, Japan), 13 ExTaq HS buffer, 0.2 lM of the oligonucleotide primers described in Supplemental Table S2 , and 0.2 mM of dNTP in a final volume of 20 ll. The thermal profile for PCR was at 948C for 10 min, followed by 30 cycles of 948C for 30 sec, 608C for 30 sec, and 728C for 30 sec. The products were analyzed by 1.5% agarose gel electrophoresis, and the bands were then visualized with ethidium bromide staining, followed by photography with ATTO ImageSaver (AE-6905C) under UV light. The expression levels of ACTB were used to confirm the equal loading [35] .
Reverse-transcribed cDNA (2 ll) synthesized from conceptus RNAs (n ¼ 3 from each day) were analyzed by quantitative real-time PCR with a 7900HT Fast Real-Time PCR System (Applied Biosystems, Tokyo, Japan). For each RT template, the PCR reaction was carried out with an ExTaq HS (Takara Biomedicals), SYBR Green I (Cambrex Bio Science, Rockland, ME), ROX Reference Dye (Invitrogen), and oligonucleotide primers for each target (Supplemental Table S2 ). The PCR amplification consisted of 40 cycles at 958C for 10 sec, annealing at 608C for 20 sec, and extension at 728C for 40 sec. The threshold cycle (Ct) value for each target was determined by Sequence Detection System software v1.2 (Applied Biosystems). Expression levels of each mRNA were normalized by calculating the Ct values based on subtracting the Ct value of target mRNA from the Ct value of the internal control, bovine ACTB mRNA. Each amplification was completed with a melting curve analysis to confirm the specificity of amplification and absence of primer dimers [36] .
ChIP Assay for Histone Modifications at IFNT Gene Loci
ChIP assay was performed as in our previous studies with minor modifications [35] . In short, CT-1 spheroids were cultured with or without EECs in the presence or absence of uterine flushings for 48 h. Cultured CT-1 spheroids were collected using the aforementioned method. Potential protein-DNA complexes in CT-1 cells were cross-linked through the addition of 1% formaldehyde (Wako, Osaka, Japan) for 15 min. DNA from cells was sonicated to less than 500 base pairs. The supernatant of sonicated cells was diluted 10-fold, and 1% of the diluted lysates was used for total genomic DNA as input DNA control. Immunoprecipitation was performed overnight at 48C with rabbit polyclonal antihistone H3 acetyl K18 (H3K18ac) antibody (2 lg; ab1191; Abcam, Tokyo, Japan), or rabbit polyclonal antihistone H3 dimethyl K9 (H3K9me2) antibody (5 lg; ab1220; Abcam). For isolation of DNA, 30 ll protein G magnetic beads (Cell Signaling Technology, Danvers, MA) were added and incubated for 1 h; beads were then washed with high-salt buffer or low-salt buffer. Histone complexes were eluted from the antibody by freshly prepared elution buffer (1% SDS, 0.1 M NaHCO 3 , 10 mM DTT). Protein-DNA crosslinks, including the input DNA control samples, were incubated with 5 M NaCl and proteinase K (Invitrogen) at 658C for 4 h or longer. DNA fragments were extracted with a column (QIAquick PCR purification kit; Qiagen, Tokyo, Japan) following the protocol provided by the manufacturer. These were resuspended in 60 ll elution buffer, from which 2 ll were used for PCR (30 cycles) with primers designed from the upstream region of the bovine IFNT (IFN-tau-c1; GenBank accession no. AF238613); the sequences of primers for the region from À184 to À14 bp are 5 0 -TTGACAAACCCAAATTTTATTGG-3 0 (sense) and 5 0 -GCAAGGCTTTTAAATAGGGAAGA-3 0 (antisense). The PCR was carried out with 0.5 units of ExTaq HS polymerase (Takara Biomedicals), 13 ExTaq HS buffer, 0.2 lM of the oligonucleotide primers described above, and 0.2 mM of dNTP in a final volume of 20 ll. The thermal profile for PCR was at 948C for 10 min, followed by 30 cycles of 948C for 30 sec, 608C for 30 sec, and 728C for 30 sec. The PCR products were separated on a 1.5% agarose gel containing ethidium bromide and were visualized with ATTO ImageSaver (AE-6905C) under UV light. The DNA fragments were also subjected to quantitative real-time PCR with a 7900HT Fast Real-Time PCR System (Applied Biosystems). The real-time PCR reaction was carried out with an ExTaq HS (Takara Biomedicals), SYBR Green I (Cambrex Bio Science), ROX Reference Dye (Invitrogen), and oligonucleotide primers described above in a final volume of 20 ll. The PCR amplification consisted of 40 cycles at 958C for 10 sec, annealing at 608C for 20 sec, and extension at 728C for 40 sec. The threshold cycle (Ct) value for each target was determined by Sequence Detection System software v1.2 (Applied Biosystems). Levels of each immunoprecipitated DNA fragment were normalized by subtracting the Ct value of immunoprecipitated DNA fragment from the Ct value of unimmunoprecipitated DNA fragment (input).
Statistical Analysis
All experimental data from the bioassays represent the results obtained from three or more independent experiments each with triplicate assays, expressed as the mean 6 SEM. Statistical analysis was performed utilizing ANOVA, followed by a Tukey-Kramer test for multiple comparisons between experimental groups with the StatView statistical analysis software (version 5; SAS Institute Inc.). Differences of P , 0.05 were considered to be significant.
RESULTS
CT-1 Spheroid Attachment and Adherence to EECs
We attempted to establish an in vitro attachment assay between trophoblast CT-1 cells and primary uterine EECs, simulating the attachment process in the bovine. The schedule and a schematic view of coculture systems using bovine cells are shown in Figure 1A and Supplemental Figure S2A , and the details are described in Materials and Methods. CT-1 spheroids (stained with DiI: red) were transferred onto the EECs in the presence of uterine flushings obtained from Day 17 pregnant ewes, and their attachment or adhesion was visualized after 12, 24, or 48 h (Fig. 1B) . The CT-1 spheroids attached after a coculture period of 12 h and required 24 h to adhere to EECs. Following attachment/adhesion, CT-1 spheroids went through trophoblast outgrowth, resulting in the formation of a sheet-like structure. The spheroids were monocultured on collagen type Icoated plate or cocultured with a monolayer of EECs, and their attachment was monitored (Fig. 1C) . The numbers of attached CT-1 spheroids gradually increased for up to 24 h, but no difference was observed in the number of attached/adhered CT-1 cells between the presence and absence of uterine flushings. Using this in vitro attachment assay, we also investigated whether CT-1 spheroids could attach to other cell types. CT-1 spheroids were further evaluated by plating them on confluent bovine nontrophoblast cells, ear-derived fibroblast (EF) primary cells, to which uterine flushings were added (Supplemental Fig. S3 ). EF cells permitted the attachment of CT-1 spheroids to a similar extent as seen in EECs.
Expression of IFNT and CDX2 mRNA in CT-1 Spheroids Cocultured with EECs
To examine whether the cocultured CT-1 spheroids with EECs could simulate the in vivo attachment process, we then assessed IFNT and CDX2 mRNA levels in attached CT-1 spheroids (Fig. 2) . Compared with CT-1 spheroids cultured on type I collagen-coated plate for 48 h, expression of IFNT and CDX2 mRNA in CT-1 spheroids cocultured on uterine EECs in the absence of uterine flushings were unchanged (Fig. 2B) . Then, uterine flushings obtained from the pregnant or cyclic ewes were added, and CT-1 spheroids were placed on EECs (coculture) or collagen type I-coated plate (monoculture) for 48 h (Fig. 2, A and B) . In the monoculture, IFNT and CDX2 transcripts were significantly increased by adding uterine flushings from Day 15 (P15) or Day 17 (P17) pregnant ewes (Fig. 2B) . A slight increase in IFNT mRNA was seen when uterine flushings from Day 15 (C15) cyclic ewes were added. In the coculture, IFNT mRNA in CT-1 spheroids was down-SAKURAI ET AL. regulated in the presence of uterine flushings from Day 15, 17, or 19 (P19) pregnant ewes but not cyclic ewes. CDX2 mRNA expression was also decreased by the addition of uterine flushings from Day 15 or 17 pregnant ewes but not from Day 19 pregnant or cyclic ewes. CT-1 spheroids were further evaluated by plating them on confluent bovine nontrophoblast cells, ear fibroblast (EF) primary cells, to which uterine flushings were added (Supplemental Fig. S3 ). IFNT and CDX2 mRNA in CT-1 spheroids placed on EF cells had responses similar to those detected in the monoculture. Moreover, CT-1 spheroids were cocultured with EECs, to which uterineconditioned media instead of uterine flushings were added (Supplemental Fig. S4 ). Similar to monocultured CT-1 spheroids, no changes in IFNT and CDX2 mRNA expression in cocultured CT-1 spheroids were observed.
Since attachment of the CT-1 spheroids to EECs was seen after 12 h, we investigated the temporal changes of IFNT and CDX2 mRNA expression in mono-or cocultured CT-1 spheroids with or without uterine flushings obtained from Day 17 pregnant ewes (Fig. 3) . CT-1 spheroids were placed onto collagen type I-coated plate (monoculture) or EECs (coculture) for 12, 24, 48, or 96 h. In the monoculture, IFNT and CDX2 mRNA in the CT-1 cells were significantly increased from 24 to 96 h in the presence of uterine flushings from Day 17 pregnant ewes, whereas in the coculture, IFNT and CDX2 mRNAs in the CT-1 cells with the same treatment were significantly decreased after 48 or 96 h.
Changes in Histone Modifications at IFNT Gene Loci in CT-1 Cells
We previously reported that reduction of IFNT expression after the trophectoderm cells attached to the uterine epithelium was accompanied by a change in histone modification of acetylated to deacetylated on lysine (K) residue of histone H3 (H3K18) and hypomethylated to hypermethylated on H3K9 [35] . We confirmed that the decrease in IFNT mRNA in the cocultured CT-1 spheroids with EECs was similarly accompanied by a change of histone modification (Fig. 4) . Deacetylation and dimethylation of H3K18 and H3K9, respectively, were observed only in the cocultured CT-1 spheroids with EECs in the presence of uterine flushings obtained from Day 17 pregnant ewes (Fig. 4B, bottom right) . These results were consistent with the previous data from in vivo conceptuses [35] .
A Comparison of the In Vivo and In Vitro Expression of a-and b-Subunits of Integrin mRNAs
We previously reported on the expression of integrins that interact with osteopontin (SPP1) in bovine conceptuses during periattachment periods, noting specifically that the expression of ITGA4, ITGA8, and ITGB5, encoding integrin subunits a4, a8, and b5, respectively, was increased in Bovine Day 22 conceptuses [48] . ITGA5, ITGAV, and ITGB1 transcripts were consistently found from Days 17 through 22, whereas the expression of ITGB6 mRNA was undetectable [48] . In this study, therefore, we evaluated whether the integrins' mRNA expression was changed in monocultured CT-1 spheroids after treatment with uterine flushings obtained from Day 17 pregnant ewes (Fig. 5, A and C) . ITGA5, ITGAV, ITGB1, and ITGB5 transcripts were found, and a minute level of ITGB3 was detected in untreated CT-1 spheroids (Fig. 5A, left lane) , while ITGA4 and ITGA8 transcripts were not detected. The integrin transcript patterns in CT-1 spheroids were consistent with those reported by Yamakoshi et al. [48] . However, expression of these transcripts in CT-1 spheroids did not change after treatment with uterine flushings (Fig. 5, A and C) . Next, we examined whether these integrin mRNAs changed in cocultured CT-1 spheroids after treatment with (Fig. 5B , center lane) or without (Fig. 5B , right lane) uterine flushings obtained from Day 17 pregnant ewes (Fig. 5, B and C) . ITGA5, ITGAV, ITGB1, and ITGB5 expressions did not change in cocultured CT-1 spheroids either with or without uterine flushings compared with those in untreated monocultured CT-1 spheroids (Fig. 5B, left lane) . ITGA8 and ITGB3 were detectable in cocultured CT-1 spheroids even in the absence of uterine flushings compared with monocultured CT-1 spheroids. However, ITGA4 was not found in cocultured CT-1 spheroids treated with the uterine flushings.
Previously, we evaluated CDH1 and CDH2 mRNAs in Days 17, 20, and 22 bovine conceptuses [48] . CDH2 mRNA was found only in Day 22 conceptuses, whereas high levels of CDH1 transcripts were detected in Days 17 and 20 conceptuses A, B) or real-time PCR (C) analyses for ITGA4, ITGA5, ITGA8, ITGAV, ITGB1, ITGB3, ITGB5, and ITGB6. ACTB mRNA was used as internal control for RNA integrity. In C, gray or black column means the absence or presence of UF from Day 17 pregnant ewes, respectively. Mono-and Corepresent monoculture and coculture, respectively. Values represent means 6 SEM from three independent experiments with triplicate within each experiment. In each experiment, UF and EECs were prepared from different animals. #Difference in mRNA levels (P , 0.05) when compared with the control (far left column) in the graph.
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but decreased in day 22 conceptuses. In control CT-1 spheroids (Fig. 6A , left lane), CDH1 and CDH2 mRNA expression patterns resembled those reported by Yamakoshi et al. [48] . In this study, CDH1 mRNA did not change in either mono-or cocultured CT-1 spheroids with or without uterine flushings (Fig. 6) . However, CDH2 mRNA was found exclusively in the cocultured CT-1 spheroids even in the absence of uterine flushings (Fig. 6, B and C) .
DISCUSSION
An in vitro coculture model system was developed consisting of trophoblast cells from CT-1 cell line and uterine EECs in an attempt to provide a valuable tool with which to investigate the factors responsible for the attachment of trophoblast cells to uterine epithelium. Previously, we observed in in vivo conceptuses that IFNT transcript levels decline soon after the attachment is initiated [35] . In the present study, it was observed that on attachment to EECs, CT-1 spheroids formed a sheet-like structure and that IFNT expression in these CT-1 spheroids declined when the uterine flushings from pregnant animals were placed into the medium. Conversely, no changes in IFNT mRNA expression in CT-1 spheroids were observed when the trophoblast cells were cultured on non-EECs in the presence of uterine flushings or on ECCs without uterine flushings. Therefore, our in vitro coculture system may provide a valid, valuable, and useful tool to explore the conceptus attachment process.
It is quite difficult to imitate the complicated uterine environment at the time of attachment of trophoblast cells to the endometrium because of the huge number of participating factors, such as steroid hormones, cytokines, chemokines, growth factors, and selected nutrients as well as their undefined relationships that span the interdependent phases of implantation [25] . The difference between this coculture system and previous experiments was the use of uterine flushings in the culture medium, resulting in proper transcript changes in both CT-1 cells and EECs that imitate the in vivo process. Although trophectodermal secretion of IFNT is undoubtedly a key factor for pregnancy recognition in ruminants, other factors may be involved in the modulation of IFNT activity or act independently and/or together with IFNT [53, 54] . The attachment of CT-1 spheroids to EECs started after approximately 12 h in cocultures even without uterine flushings, but IFNT transcripts were unchanged in these cells, which were producing abundant IFNT (Supplemental Fig. S2 ). In the presence of uterine flushings obtained from Days 15 to 17 but not from the preattachment phase (Day 12 of pregnancy, unpublished observations), however, the IFNT mRNA expression in cocultured CT-1 spheroids was decreased after 48 h (Fig. 2) . Recently, it has become apparent that in addition to cytokines and growth factors, uterine histotroph contains substances such as amino acids and glucose that play roles in the survival of conceptuses and induction of uterine receptivity [25] . These results suggest that appropriate factors besides IFNT, necessary for induction of uterine receptivity and adhesion molecules on trophoblast cells and uterus, exist in uterine flushings at the time of attachment.
Ideta et al. [55, 56] secreted from PBMCs affect uterine receptivity and conceptus growth. In goats, it was also demonstrated that the chemokine interferon gamma-inducible protein 10 kDa (IP-10, CXCL10), which is derived from immune cells recruited by IFNT stimulation, has been found in the regulation of conceptus migration, apposition, and initial adhesion [57] . Furthermore, when coculture was performed with the culture supernatant of the pregnant-uterine tissues instead of uterine flushings, the reduction of IFNT mRNA was not observed (Supplemental Fig. S4 ). These results suggest that in addition to conceptus and endometrial factors, conceptus adhesion to the uterine epithelium is controlled by another substance, possibly secreted from immune cells, in the uterine flushings. Further study is required to identify appropriate factors for attachment of trophoblast cells to EECs and to elucidate the mechanisms of EECs' receptivity acquisition through the use of our in vitro system.
The observation that the specific subunits of SPP1 binding integrins were up-regulated when CT-1 spheroids were placed on EECs indicates the possible involvement of SPP1 and its binding partner integrins in bovine trophoblast adhesion (Fig.  5 ). In particular, ITGA8 and ITGB3 subunits were induced in cocultured CT-1 spheroids even without the addition of uterine flushings. The expression of these subunits could result from physical contact between CT-1 spheroids and EECs. ITGA8 encodes the subunit a8 of the integrin family, which is a ubiquitously expressed group of cell surface receptors that link the extracellular matrix to the intracellular cytoskeleton [58] . The subunit associates exclusively with the b1 subunit to form an Arg-Gly-Asp (RGD)-binding integrin, which interacts with SPP1 and others [59] . So far, integrin a8b1 has been shown to be associated with focal adhesion points where it participates in the regulation of spreading, adhesion, growth, and survival in different neuronal and mesenchymal-derived cell types [60, 61] and epithelial cells [62] . SPP1 was detected in the uterine flushings obtained from pregnant ewes (Supplemental Fig. S5 ). It has previously been reported that the amount of SPP1 in ovine uterine flushings gradually increased while approaching the time of trophoblast attachment to uterine EECs [63, 64] . Taken together, these findings suggest a role for integrin a8b1 in the attachment of trophoblast cells to uterine EECs via SPP1 binding and the subsequent decrease in IFNT mRNA expression accompanying the histone modifications.
Integrin avb3 has also been studied in the endometrium and the preimplantation blastocyst. Integrin avb3 appears in the luminal and glandular EECs at the putative time of implantation in humans [65] , and its absence is associated with unexplained infertility [66] . During preimplantation development of the mouse embryo, integrin avb3 is continuously expressed on the cell surface and on the apical surface of the trophoblast cells at the blastocyst stage [67] . In addition, on Day 6, the time of implantation in rats, ITGB3 becomes localized to the apical surface of rat uterine luminal epithelial cells [2] . The embryonic IL-1 system seems to be involved in the up-regulation of ITGB3 in EECs [9] . However, in this study, the induction of ITGB3 was not observed in uterine flushings-treated CT-1 spheroids. The result indicates that the mechanisms of induction of ITGB3 mRNA in a conceptus may differ from those in EECs. It was reported that implantation in ITGB3 knockout mice appeared to be unaffected, but placental defects occur, leading to fetal mortality [68] . These findings suggest that IFNT mRNA expression following the adhesion of conceptus to EECs may not be associated with ITGB3 expression.
In in vivo conceptuses, we also detected ITGA4 on Day 22, which corresponds to the attachment of trophoblast to the uterine epithelium [48] but not in cocultured CT-1 spheroids in this study. The a4 subunit binds to either b1 or b7 subunit to form heterodimeric integrin receptors [58] . Although the majority of SPP1 binding integrins bind to the RGD domain of SPP1, the a4b1 integrin interacts with SPP1 through its SVVYGLR (Ser-Val-Val-Tyr-Gly-Leu-Arg) motif [69] . The a4b1 integrin interacts with VCAM-1, which is associated with lymphocyte recruitment. The implantation process is frequently compared to lymphocyte homing [70, 71] . These findings suggest that the expression of ITGA4 may be associated with placentation rather than attachment of trophoblast cells to EECs. Indeed, integrin knockout studies reveal that ITGB1 null mice (À/À) embryos develop normally to the blastocyst stage but fail to implant [72] . However, no implantation-related phenotypes have been observed in other knockout animals lacking ITGA4 [73] and ITGB7 [74] subunits.
We also observed the expression of CDH2 mRNA in the cocultured CT-1 spheroids with or without uterine flushings, while finding no change in CDH1 mRNA (Fig. 6 ). This result was consistent with our previous observations that although CDH1 was undetectable at the translational level in Day 22 trophectoderm, mRNA was still detectable by RT-PCR [48] . The loss of CDH1 as CT-1 spheroid attachment to uterine EECs progresses may play a role in the transition in gene expression, including the IFNT mRNA reduction required for the successful progression from attachment to placentation. Indeed, Nakano et al. [75] have reported that CDH1 expression is distributed within the cytoplasm of trophoblast binucleate cells in the bovine placentome. They have also demonstrated the translocation of b-catenin into the nuclei of trophoblast binucleate cells, indicating the role of CDH1-b-catenin expression in trophoblast differentiation.
In conclusion, a model system was developed to study bovine conceptus attachment process using CT-1 spheroids, uterine EECs, and uterine flushings. This model system was demonstrated to reproduce several cellular and molecular events observed in the in vivo conceptus-endometrium attachment process. Although there is margin for improvement and development, this in vitro coculture system should provide a valuable tool to explore the attachment process in ruminants.
